This work reports, for the first time, the determination of major and trace elements (Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, La, Mg, Mn, Mo, Na, Ni, P, Pb, S, Se, Sn, Sr, Ti, Tl, U, V, and Zn) in the fractions of the synthesis of fatty acid methyl esters (FAMEs). These include fresh microalgae, residual biomass, lipid fraction, crude FAMEs, insoluble fraction and purified FAMEs from microalgae Chlorella sp. A microwave-assisted digestion procedure in closed vessels was applied for sample digestion and subsequent element determination by inductively coupled plasma-based techniques. The proposed method was suitable for the multielement determination in FAMEs and its fractions obtained from microalgae. The element concentration was compared with results found in the literature and a careful discussion about the use of residual biomass for different applications was performed.
Introduction
Microalgae have been recently reported for biodiesel production as one of the most promising biomass with potential to replace fossil fuels. The production of biodiesel from microalga oil involves the lipid extraction from microalga biomass followed by its conversion to fatty acid methyl esters (FAMEs) based on a transesterification process (D'Oca et al., 2011a) . For the production of FAMEs, several species of microalgae with different amounts of lipids can be used, such as Isochrysis sp. (25-33% lipids), Nannochloris sp. (20-35% lipids), Nannochloropsis sp. (31-68% lipids), Neochloris oleoabundans (35-54% lipids), Tetraselmis sueica (15-23% lipids) and Chlorella sp. (28-32% lipids) (Chisti, 2007; Gog et al., 2012) .
Several inorganic contaminants may occur in vegetable oils, mainly due to the absorption of some minerals from the soil. In addition, the origin of some elements in biodiesel is in the production process (Lepri et al., 2011) . The occurrence of some elements in diesel engines can damage their performance and result in decomposition, formation of precipitates or corrosion of metallic parts. The monitoring of Na and K needs to be performed due to their ability to form undesirable substances in the engines (Edlund et al., 2002) . Some elements such as Ca, Co, Cu, Fe, Mg, Mn, and Ni can promote oxidative degradation and affect the quality and conservation of oil and fats directly (Gonzálves et al., 2010) . Moreover, some elements such as Cu, Pb, and Zn can catalyze the biodiesel oxidation (Lepri et al., 2011) . In Brazil, the Agência Nacional do Petróleo, Gás Natural e Biocombustíveis (ANP) has established the maximum limits for Na, K, Ca and Mg (5 mg kg À1 ), P (10 mg kg À1 ), and S (50 mg kg À1 ) in biodiesel. However, the limits for other elements have not been established yet (Resolução ANP No. 7, 2008) .
Trace element determination in edible oils and biodiesel has been performed mainly by spectrometric techniques (Lepri et al., 2011) . Many problems have been associated to sample preparation procedures of organic matrices due to its complex nature (Antes et al., 2010; Pereira et al., 2009) . Digestion procedures for elemental determination in edible oils and biodiesel, mainly by spectrometric techniques, have been applied to mitigate or eliminate organic content, reduce possible interference and make it easier to place the sample in the instruments (Lepri et al., 2011) . Among the procedures reported for sample digestion of biodiesel and edible oils, the microwave-assisted digestion especially in closed vessels, have been described as successful tools (Flores et al., 2007) .
The purpose of this study was to determine major and trace elements (Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, La, Mg, Mn, Mo, Na, Ni, P, Pb, S, Se, Sn, Sr, Ti, Tl, U, V, and Zn) in all steps of the synthesis of FAMEs from microalgae Chlorella sp. by inductively coupled plasma optical emission spectrometry (ICP OES) and inductively coupled 0960-8524/$ -see front matter Ó 2012 Elsevier Ltd. All rights reserved. doi:10.1016/j.biortech.2012.01.148 plasma mass spectrometry (ICP-MS) after microwave-assisted digestion. The determination was performed in Chlorella sp. biomass after the extraction-transesterification process and in other fractions such as residual biomass, lipid fraction, crude FAMEs, insoluble fraction and purified FAMEs. It is important to point out that no study with this focus was found in the literature. Therefore, this study enables a quite singular discussion about the occurrence of inorganic elements in the production of FAMEs from microalgae.
Methods

Instrumentation
A microwave sample preparation system (Multiwave 3000, Anton Paar, Graz, Austria) equipped with eight high-pressure quartz vessels (80 mL) was used for sample digestion. Temperature and pressure were controlled during the heating program (maximum pressure and temperature were 80 bar and 280°C, respectively).
An inductively coupled plasma mass spectrometer (PerkinElmer, Model ELAN DRC II, Thornhill, Canada) and an inductively coupled plasma optical emission spectrometer with axial view configuration (Model Spectro Ciros CCD, Spectro Analytical Instruments, Kleve, Germany) were used for element determination. Instrumental performance and other operational conditions are described in Table 1 . For ICP-MS and ICP OES determinations, argon 99.996% (White Martins-Praxair, São Paulo, Brazil) was used.
Reagents and standards
Water obtained from a Milli-Q system (Resistivity 18.2 MX cm, Millipore, Billerica, USA) was used to prepare all standard solutions. Concentrated nitric acid (Merck, Darmstadt, Germany) was doubly distilled in a model duoPUR 2.01E sub-boiling system (Milestone, Bergamo, Italy) and glass materials were soaked in 10% (m/v) HNO 3 for 48 h before use. A multielement stock solution containing 10 mg L À1 Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, La, Mg, Mn, Mo, Na, Ni, P, Pb, S, Se, Sn, Sr, Ti, Tl, U, V, and Zn (SCP33MS, SCP Science, Quebec, Canada) was used to prepare reference solutions by sequential dilution in 5% HNO 3 (v/v) , in the range of 0.025-10 lg L À1 for ICP-MS and 5-100 lg L À1 for ICP OES. Sulfur and phosphorus analytical solutions, both in the range from 0.1 to 2.5 mg L
À1
, were prepared right before use by serial dilution of stock solutions containing 1000 mg L À1 (Spex CertiPrep, Metuchen, USA) and 326.1 mg L À1 (Merck) were used, respectively.
Samples
Microalga Chlorella sp. samples were commercially obtained from Galena Company and the other samples used in this work were obtained from synthesis; the procedure was similar to the one performed by D 'Oca et al. (2011b) . For the synthesis, 100 g dry biomass was mixed to 300 mL of the solvent system chloroform:methanol 2:1 in a 600 mL round bottom flask; then, the extraction was carried out for 120 min at room temperature (20°C) under magnetic stirring (700 rpm). The mixture was filtered and the organic phase was evaporated under reduced pressure. After the lipid extraction, the reaction was carried out using H 2 SO 4 as catalyst (3% in relation to the lipid mass) under constant stirring for 4 h at 60°C. The molar ratio of alcohol:lipids was 30:1. When the reaction was completed, the excess of methanol was removed under reduced pressure and hexane was added. The mixture was vacuum filtered through a Büchner funnel. The filtrate was separated and the hexane was removed under reduced pressure to obtain the crude product. The fatty acid methyl esters were purified in a silica gel/Al 2 O 3 column to obtain pure FAMEs.
The determinations were performed in the following samples: microalga biomass; residual biomass; lipid fraction; crude FAMEs; insoluble fraction; and purified FAMEs.
Sample preparation procedure
Sample decomposition was performed by microwave-assisted digestion in high-pressure closed vessels. In this case, up to 500 mg sample were weighed in quartz vessels and 6 mL concentrated nitric acid was added and the following irradiation program was used: 1400 W (15 min of ramp), 1400 W for 10 min, and 0 W for 20 min (cooling step). After cooling, digests were diluted to 30 mL in polypropylene vessels with ultrapure water for further determination by ICP-MS and ICP OES. After each run, vessels were soaked in concentrated HNO 3 for 10 min followed by rinsing with ultrapure water.
A certified reference material (CRM) of peach leaves (NIST SRM 1547) was used for evaluation of method accuracy. All statistical calculations (95% significance level) were performed using the GraphPad InStat (GraphPad InStat Inc., Version 3.00, 1997) software.
Results and discussion
The total element concentration (means ± standard deviation, lg g À1 ) was measured in the fractions obtained from the synthesis of FAMEs from microalgae Chlorella sp. Results are shown in Table  2 . It is important to emphasize that most elements in this kind of samples were determined for the first time and that no study with this focus was found in the literature.
Microalga biomass
As can be seen in Table 2 , results (for most elements) in the microalga Chlorella sp. samples were similar to those reported by Marín et al. (2010) and de la Rocha et al. (2009) . However, for some elements, such as Al, Co, Cr, Fe, Ni, P, and Pb, the concentration was 1.1-2.6 times higher than those observed for seaweed samples (Porphyra and Laminaria). Among these elements, P and Fe had the highest concentrations, 12,849 and 515 lg g À1 in the Chlorella sp. samples used in this study, respectively. It may be supposed that these values are higher because Fe is one of the essential elements which is usually added to a growth medium (Chisti, 2007) . Moreover, FeCl 3 and Fe 2 (SO 4 ) 3 are commonly used as flocculants or coagulants in the flocculation step in the microalgal biomass production process (Grima et al., 2003) . Some toxic (As, Cd, Cu, Mo, and V) and major (Ca, K, Mg, and Na) elements showed total concentration 1.7-29 times lower than the one found in the literature (Marín et al., 2010; de la Rocha et al., 2009) . This difference can be explained by the high salt content associated with the marine environment of the seaweeds which were previously reported (Marín et al., 2010; de la Rocha et al., 2009 ).
Lipid fraction and residual biomass
Samples were digested and total element concentration was measured in lipid fraction and residual biomass. After extraction (CHCl 3 :CH 3 OH, 2:1), elements were noticed to remain almost totally in residual biomass (78.6-99.6%, w/w), except As (54.3%, w/w). These features enable the residual biomass from FAME production processes to be potentially used as animal feed (Chisti, 2007) . According to Cromwell, (1997) , trace elements, such as Cu, Fe, Zn, Mn, I, and Se, are essential elements in the dietary requirements of livestock and poultry. The values found for these elements in residual biomass were 2.6, 478, 20, 47, and 0.12 lg g À1 , respectively, except for iodine which was not determined (Table 2) . Thus, residual biomass could be used as feedstock for the production of animal supplements. Copper is one of the elements required for animal nutrition; it could be used for swine supplement ( ) (Cromwell, 1997) . It is important to point out that these values are in the range of those found in residual biomass. By comparing the values of the macronutrient Ca, K, Mg, P and S found in residual biomass (Table  2 ) with those found in some feedstuffs commonly used for dairy cattle, e.g. bakery by-products, the concentrations were 1.1-4.6 times higher. For the blood meal, the concentrations of Ca, K, Mg and P were 2.3-8.4 times higher, while Na and S were 5.8 and 1.29 times lower, respectively (Clark et al., 2001) . Kolesárová et al. (2011) have reported the concentrations of Ca (7900, 800, 3100, 1100, 500, 3100, 24,500, 1300, and 3000 lg g À1 ) and P (10,600, 6700, 1100, 7400, 11,100, 8500, 11,100, 6900, and 13,000 lg g À1 ) for residual biomass from different oils: canola, coconut, cottonseed, groundnut, mustard, palm kernel, sesame, soy bean, and sunflower, respectively. Results (Table 2) showed concentrations of 2250 ± 80 lg g À1 for Ca and 11,848 ± 447 lg g À1 , for P. In addition, all elements determined in residual biomass showed lower concentrations than the maximum tolerable level (MTL) for rodents, poultry, swine, horse, cattle, sheep, and fish. MTL is defined as the dietary level that, when fed for a defined period of time, will not impair animal health and performance (Klasing et al., 2005) .
Crude FAMEs and insoluble fraction
For crude FAMEs, it was possible to notice that for most elements, except for Cd, Cr, S, Se, Sn, and Zn, concentrations were lower than for the lipid fraction. The most significant difference (7.2 times higher) was observed for sulfur concentration and can be attributed to the use of H 2 SO 4 as catalyst (3% in relation to the lipid mass). For the insoluble fraction, an increase in the sulfur content during the extraction was observed. It can be explained by the small sample mass (about 2.4 g) and by the possibility of forming insoluble salts, such as sulfates from sulfuric acid added during the extraction-transesterification process.
Purified FAMEs
For all the elements, including the toxic ones, concentration was lower than the limit of detection (LOD), except for Al, Ca, Cu, and, Na (5.3 ± 0.52, 24 ± 4.3, 1.04 ± 0.06, and 10.4 ± 0.077 lg g À1 , respectively). For elements with maximum limits established by ANP, such as Ca, K, Mg, and Na (5 mg kg À1 ), P (10 mg kg À1 ), and S (50 mg kg À1 ), only Ca and Na showed concentrations that were 4.8 and 2.1 times higher, respectively (Resolução ANP No. 7, 2008) . Although Ca concentration was not significantly higher than the recommended one, it must be monitored once Ca can promote oxidative degradation, affecting the quality and conservation of oils and fats directly (Gonzálves et al., 2010) . In addition, Na can form undesirable substances in the engines (Edlund et al., 2002) .
Analytical performance
The method validation for FAMEs samples from microalgae (Chlorella sp.) and their fractions was carried out by ICP OES and ICP-MS, for major and minor elements, respectively. Analytical figures of merit were obtained using multielemental, sulfur, phosphorus reference solutions in 5% HNO 3 (v/v). The linear working range was from 0.025 to 10 lg L À1 for ICP-MS and from 5 to 100 lg L
À1
for ICP OES, for most elements, and from 0.1 to 2.5 mg L À1 for sulfur and phosphorus. The LOD was defined as three times the standard deviation (3r) after ten measurements of the blank. The limit of quantification (LOQ) was defined as three times the LOD. For the determinations by ICP OES and ICP-MS, the linear correlation coefficients of the calibration curves were higher than 0.999, indicating suitable linearity. It is important to point out that, for most elements, the concentration was below the LOD, except for Al, Ca, Cu, and Na. The accuracy was evaluated using a CRM (NIST SRM 1547). The CRM was digested and diluted in the same way as the biodiesel and its fractions. Results are shown in Table 3 . Likewise, precision was estimated by the relative standard deviation (RSD) which was lower than 23%, indicating a reasonable precision, considering a multielemental analysis. For some elements which do not have certified or informed values, concentrations were compared data provided by Ivanova et al. (2001) and Stephens and Calder, (2004) . In addition, a t-test was performed to compare the results obtained by ICP OES and ICP-MS and no significant difference was observed, except for Cu, Mn, Sr, and Zn in biomass and for Cr and Zn in crude FAMEs. It is important to point out that all values that presented significance difference (P < 0.05) were similar to the significance level (a = 0.05).
Conclusions
This study demonstrated, for the first time, the determination of 27 elements in fractions from the synthesis of FAMEs from microalgae Chlorella sp. The method was suitable for the multielement determination in FAMEs and the results obtained in this study can contribute to suggest a way for the reuse of residual biomass. Moreover, because of its high content of major elements, residual biomass has also been used as fertilizer and to produce methane by anaerobic digestion. After lipid extraction, most elements remain in the residual biomass in sufficient amount to be used in the production of animal feed.
